Airtight container for the transfer of atmosphere-sensitive materials into vacuum-operated characterization instruments Rev. Sci. Instrum. 82, 123705 (2011) Refined tip preparation by electrochemical etching and ultrahigh vacuum treatment to obtain atomically sharp tips for scanning tunneling microscope and atomic force microscope Rev. Sci. Instrum. 82, 113903 (2011) Atomic scale electron vortices for nanoresearch Appl. Phys. Lett. 99, 203109 (2011) Simultaneous detection of surface coverage and structure of krypton films on gold by helium atom diffraction and quartz crystal microbalance techniques Rev. Sci. Instrum. 82, 115104 (2011) Influence of the wavelength on the spatial resolution of pulsed-laser atom probe J. Appl. Phys. 110, 094901 (2011) Additional information on Rev. Sci. Instrum. The possibility of utilizing high-energy electron tomography to characterize the micron-scale three dimensional ͑3D͒ structures of integrated circuits has been demonstrated experimentally. First, electron transmission through a tilted SiO 2 film was measured with an ultrahigh-voltage electron microscope ͑ultra-HVEM͒ and analyzed from the point of view of elastic scattering of electrons, showing that linear attenuation of the logarithmic electron transmission still holds valid for effective specimen thicknesses up to 5 m under 2 MV accelerating voltages. Electron tomography of a micron-order thick integrated circuit specimen including the Cu/via interconnect was then tried with 3 MeV electrons in the ultra-HVEM. Serial projection images of the specimen tilted at different angles over the range of ±90°were acquired, and 3D reconstruction was performed with the images by means of the IMOD software package. Consequently, the 3D structures of the Cu lines, via and void, were revealed by cross sections and surface rendering.
I. INTRODUCTION
With the rapid development of integrated circuit ͑IC͒ fabrication technology, the electron microscope has become a powerful tool to extract structural information and to carry out failure analysis for ICs. [1] [2] [3] As an analytical three dimensional ͑3D͒ approach with a higher spatial resolution than the conventional x-ray computed tomography, electron tomography ͑ET͒ is mainly based on transmission electron imaging. It came into biology researches in the 1970s, 4 and extended to materials, physical, and chemical applications in the past few years. [5] [6] [7] [8] Nevertheless, only a very limited number of ET results obtained with the transmission electron microscope ͑TEM͒ have been reported so far for semiconductor device and IC specimens. [9] [10] [11] [12] Moreover, the specimens in these ET experiments were relatively thin, e.g., a 0.1 m thick barrier/ seed layer stack of Cu interconnects. 11 Conversely, ICs usually possess micron-scale structures, though their lines become more and more narrow. Direct characterization of a complete large 3D structure in such IC specimens, instead of 3D reconstruction from serial thin sections, also poses a challenge to ET. This is because both the quality of transmission electron images and the linearity between the logarithmic transmission electron intensity and mass thickness may deteriorate with the increase in multiple scattering and inelastic scattering of electrons within thick specimens. [13] [14] [15] Utilization of the ultrahigh-voltage electron microscope ͑ultra-HVEM͒ whose accelerating voltage exceeds 1 MV or the scanning transmission electron microscope ͑STEM͒ can be considered at the present time for improving image quality of thick specimens. [16] [17] [18] Here, for very thick specimens, the ultra-HVEM has a better resolution than the conventional STEM whose accelerating voltages are lower than 300 kV, for example, ϳ5 nm ͑Ref. 19͒ and ϳ80 nm, 17 respectively, for objects below a 5 m thick amorphous layer. Although some theories of STEM tomography in the multiplescattering regime and bright-field imaging have been proposed recently, 20, 21 further experimental efforts are still needed before they are applicable to several micron thick specimens. Accordingly, the aim of the present work is to try ET of a micron-order thick IC specimen using the ultra-HVEM ͑Ref. 22͒ at Osaka University, whose highest accelerating voltage of 3 MV for TEM use is also the world's highest among all TEMs.
II. ELECTRON TRANSMISSION
Electron transmission through a specimen is an important factor for ET because 3D reconstruction is conventionally carried out on the assumption of linearity between the logarithmic electron transmission and the mass thickness along the path of incident electrons. 23 The linearity, i.e., the exponential attenuation characteristic of electron transmission through the specimen, results from both single elastic scattering and restriction of an objective aperture used to produce amplitude contrast in TEMs. 23 However, tilting the specimen in ET increases the effective thickness of the specimen, and this may aggravate the projection linearity espea͒ Author to whom correspondence should be addressed; electronic mail: hbzhang@mail.xjtu.edu.cn cially for thick specimens due to multiple elastic scattering. Therefore, we first investigate the relation between electron transmission and the effective thickness of a tilted SiO 2 film specimen with the ultra-HVEM. Here, the effective thickness H of the specimen changes with the tilt angle in the form H Ϸ h / cos , where h is the real thickness of the specimen and is 3 m in our work. Tilting the specimen with a 360°t ilt holder, 24 we can hence obtain variations of the electron transmission ͑in a logarithmic scale͒ with the effective thickness of the specimen, as shown in Fig. 1 . Evidently, the linear attenuation characteristic of the logarithmic electron transmission holds valid for the effective thickness up to 5 m. This thickness range should be adequate for ET of conventional thick IC specimens with the ultra-HVEM. Note that the slope of the logarithmic electron transmission in its linear attenuation range is
where the attenuation coefficient ␤ is independent of the specimen thickness. Here, N A is Avogadro's number, A the atomic weight of the specimen, 0 the partial cross section, and the mass density of a specimen along the path of electrons. The parameter 0 usually decreases with the increase of both the energy of incident electrons and the halfangle of the objective aperture. In principle, higher energies of incident electrons and greater objective apertures will lead to a milder attenuation of electron transmission and a wider linear attenuation range. However, for some metal specimens with greater partial cross sections and higher mass density, the attenuation coefficient may increase and this will result in a narrower linear attenuation range. On the other hand, with the increase of effective thickness, a significant portion of the incident electrons may experience multiple scattering, and the linear attenuation will be no longer valid. For single scattering, the scattered electrons whose deflection angles are greater than the half-angle of the objective aperture will not be collected, but in multiple-scattering region, some of these electrons may be scattered back into the half-angle range. As a result, the deviation from the linearity will lead to a greater value of electron transmission. 21 As also seen in Fig. 1 , the electron transmission through large thicknesses does not decrease so rapidly as that through the linear attenuation range. Further, the average scattering times n within the range of L can be estimated from the elastic mean free path between scattering events,
Here, by the Wentzel form for the small-angle elastic scattering, 26 the scattering cross section decreases with the increase of the energy of incident electrons, in an inverse proportional relation. For the SiO 2 film in our work, taking its density and the average A as 2.6 g / cm 3 and 21.6, respectively, the elastic mean free path of 2 MV electrons is 316 nm and the resultant average scattering times within the 5 m linear attenuation range shown in Fig. 1 is 16 . Consequently, depending mainly on the electron energy and specimen properties, the linear attenuation of electron transmission takes place in the range over which single scattering or scattering at several times dominates, however difficult it is to determine the range accurately.
III. EXPERIMENTAL METHOD
The IC specimen including Cu interconnects and the filled via between layer lines for conduction, in our ET experiment, was prepared using a focused ion beam ͑FIB͒. The rod-shaped specimen with a base was then mounted between two small clamp plates of the 360°tilt holder and could be freely tilted about an axis parallel to the y axis.
A tilt series of projection images of the specimen were then collected with the ultra-HVEM working under conditions of the 3 MV accelerating voltage and 25 000 ϫ magnification. In the experiment, by tilting the specimen at an interval of 1°over the range of ±90°, we recorded 181 images with a high-performance cooled charge-coupleddevice ͑CCD͒ camera. Here, the electron beam intensity and the exposure time of the CCD camera were both fixed to give the same exposure amount for all images. A relatively bigger objective aperture of 50 m was chosen to obtain more intense signals of transmission electrons for the tilted thick specimen. Figure 2 shows some ultra-HVEM images of the rod-shaped IC specimen tilted at different angles, whose effective thickness varies with the tilt angle from approximately 1.5 to 2.5 m. The image formation here is attributed to amplitude contrast in the bright-field mode caused by the difference in mass density between Cu interconnects and SiO 2 layers. Moreover, high-energy electrons at 3 MeV is helpful for raising electron transmission and improving image quality by reducing chromatic aberration, though energy filtering that can further improve image quality was not employed in our ultra-HVEM. Nevertheless, 3D structural details will not be available yet from these two dimensional ͑2D͒ projections until the ET processing is completed.
Image alignment, 3D reconstruction, and result visualization in our work have been performed with the free software package IMOD ͑Refs. 27 and 28͒ developed by Colorado University especially for the ET processing of electron microscopic images on various operating systems including Linux and Windows. Here, to reduce the computation time of alignment and 3D reconstruction, margins of the ultra-HVEM projection images were wiped, and the image resolution was degraded. The image size was hence reduced from 16 bit 4096ϫ 4096 pixels to 8 bit 960ϫ 960 pixels. To raise alignment accuracy, we aligned the projection images in three steps. The cross-correlation function and the manual work were applied for the coarse alignment, and seven of the colloidal gold particles that had been deposited on the specimen were then selected as fiducial markers for the fine alignment of neighboring images. The tilt series of images were further aligned as a whole, and the logarithm was taken for image intensity. Consequently, 3D reconstruction was computed using the R-weighted back projection algorithm. The total computation time was about 30 min on a 2.66 GHz Pentium-4-equipped PC for the 181 projection images in this work. The obtained 3D reconstruction results can be visualized with tomographic sections, volume rendering, and surface rendering, respectively. Figure 3 presents the reconstructed cross sections perpendicular, respectively, to x, y, and z axes, which are arranged like orthographic drawings in three directions of a 3D object. A thick Cu line ͑M1͒ and three thin Cu lines ͑M2, M3, and M4͒ are clearly shown in the xz plane ͑upper left͒ perpendicular to the y axis. Moreover, a void is found to be located at the end of M3 and near the bottom of a via that connects M1 and M3. This demonstrates that the ultra-HVEM ET enables us to get 3D information of a micronscale IC structure. Surface rendering was further implemented following surface contours of the Cu interconnects, via and void in the serial tomographic sections perpendicular to the y axis. The 3D results of surface rendering in Figs. 4͑a͒-4͑c͒ depict the spatial location and structure of the Cu/ via interconnect and void more visually and more vividly. From Fig. 4͑d͒ in which the Cu lines M2 and M4 are omitted, we can see again more clearly the shape of the void and its position with respect to the Cu line and the via. Note that one of the main mechanisms of void might be due to electromigration within interconnects. 29 At some high current densities, the aluminum or copper atoms in interconnects tend to migrate, leaving a void that may eventually become a discontinuity.
IV. TOMOGRAPHIC RESULTS
With regard to the ET quality actually achieved by 3D reconstruction, the accurate assessment is still a problem even now. 30 From Crowther's criterion, however, the 3D reconstruction resolution d for a spherical object with the diameter D from a series of N projections on the specimen tilt range of ±90°can be evaluated with 
͑3͒
Applying the criterion to our experiment can give an overall resolution of about 44 nm with D = 2.5 m and N = 180. Another limitation on the ET resolution is the resolution of 2D projection images, ϳ5 nm from the ultra-HVEM instrumentation and ϳ10 nm/pixel from the CCD images finally used for 3D reconstruction, respectively, in our work.
V. DISCUSSION
The ultra-HVEM ET appears to be a promising approach for 3D analysis of thick specimens. Incident high-energy electrons can penetrate thicker specimens with less scattering. This may raise the imaging quality in TEMs through increasing electron transmission and reducing beam broadening. Moreover, for the IC specimens including large complex structures, e.g., via and void, the TEM ET is capable of yielding the useful 3D information that is difficult for us to observe directly with the conventional 2D images of TEMs, STEMs, and scanning electron microscopes. On the other side, it had been argued that applications of ET based on the TEM bright-field imaging to IC specimens would be limited by diffraction contrast from crystalline materials. 7, 10 However, we did not observe apparent diffraction contrast of the crystalline interconnects in our experiment and reconstruction results, consistent with the report 18 by Levine et al. This may be because crystal grains of the metals are much smaller compared with the observed IC structure and their diffraction effect can be reduced 31 in the 3D reconstruction process from many projections obtained at different tilted angles of the specimen.
Finally, it is worthy to note that the small bright regions at the partial edge of the Cu lines M2 and M4, and some radial lines, both shown in Fig. 3 , should be caused by the fiducial gold particles and the 3D reconstruction error, respectively. Further work, e.g., taking some high-accuracy iterative algorithms such as the sequential iterative reconstruction technique ͑SIRT͒, seems to be required to minimize these negative effects on ET results.
